, with all the Ni atoms hexacoordinated.
Introduction
Polynuclear coordination compounds with paramagnetic metal centers have attracted much attention over the last few decades due to their potential application as a new type of magnetic material. Such molecular compounds may exhibit slow-relaxation of magnetization of the molecular origin and thus they can behave as single-molecule magnets (SMMs). SMMs have the potential to be utilized in ultra-high density data storage devices, 1a,j quantum computing 1c or molecular spintronics. 1h Despite the recent achievements in the research of SMMs with one paramagnetic metal center (so called singleion magnets), 2 in order to obtain SMMs, the synthesis of highspin polynuclear metal complexes is the most used approach at all. 3 For obtaining such compounds it is essential to modulate molecular properties so that the coupling between neighboring metal centers results in the non-zero ground spin state with S > 1/2, and most importantly, the metal centers should have non-negligible magnetic anisotropy. In designing SMMs, coordination compounds involving Ni II metal centers are particularly attractive because they can possess large magnetic anisotropy on their central atoms. 4 Furthermore, it is of interest that multiple polynuclear Ni II compounds have often been shown to exhibit slow-relaxation of magnetization. 5, 6 Among such polynuclear Ni II complexes, compounds belonging to the class containing a tetranuclear Ni-O-Ni bridged cubane-like core have been intensively studied for the last few decades. 6k, [7] [8] [9] [10] [11] For this type of compound a correlation between the sign and value of the magnetic exchange constant ( J) and structural properties has been established. 8 According to these studies the Ni-O-Ni angle has been recognized as the most important parameter. 8a The magnetic exchange is expected to be ferromagnetic, when the bond angle is close to 90°, while as the Ni-O-Ni angle increases, the value of J decreases following a linear relationship. When the angle is close to 99°the magnetic coupling between the Ni II atoms becomes antiferromagnetic. In some of the cases, the absolute value of |J| can exceed 20 cm −1 . 7 However, some examples can be found which do not follow the above-mentioned relationship. 12,17b This can be explained by additional structural factors influencing exchange interactions such as the Ni-O bond distance, the dihedral angle within the Ni 2 O 2 unit and the Ni-O-R angle (R = substituent covalently bound to the bridging oxygen atom) or the presence of an additional bridging group which may also affect the character and strength of the exchange coupling. 11,17b While numerous studies have recently investigated cubanelike Ni II complexes, 5f, 8, 9, 10 The assembly process is also dependent upon the crystallization conditions, such as temperature, solvent, pH and concentration of reagents. 8c,e,13c,d All these factors can also significantly influence both the structure and magnetic properties of the resulting compounds. For example, Meyer and co-workers showed how the incorporation of different solvent molecules in the coordination sphere of Ni II atoms within a distorted cubane core resulted in the switching paramagnetic S = 4 ground state into the diamagnetic S = 0 ground state. Herein, we report the preparation, structural and magnetic properties of two tetranuclear Ni II complexes with different topologies depending on different preparation conditions (solvents' ratio, Fig. 1 
Results and discussion

Synthesis
Two different tetranuclear Ni 4 complexes were successfully synthesized by the reaction of a tridentate Schiff base ligand H 2 L and Ni(CH 3 COO) 2 ·4H 2 O in the molar ratio of 1 : 1 in the presence of Pr 3 N as a base using distinct reaction media ( Fig. 1 ): a cubane complex 1 (CH 3 OH-CH 2 Cl 2 in the volume ratio 1 : 3) and a defective dicubane complex 2 (CH 2 Cl 2 only). The fact that the reactions in different solvents resulted in the formation of different complexes can be reasonably explained on the basis of their crystal structures. In particular, the way how the solvent molecule is involved (or not involved) in the molecular structure of each compound affects the resulting composition significantly (vide infra).
Description of structures
General features. The utilized ligand H 2 L (and its derivatives) coordinates usually metal atoms in a tridentate manner (the NO 2 atom donor set) by one imine nitrogen atom (N Im ) and two phenolate oxygen atoms which can act also as bridging atoms (Fig. 2) . 8e,15 The ligands are asymmetric and can be divided into the salicylaldehydic and aminophenolic parts respective to the reactants they originate from. The ligand asymmetry is apparent when inspecting the bridging function of the oxygen atoms. 
methoxy-benzylidene)amino]phenol)) possessed the O Sal atoms also in a bridging function. In both compounds (1-2), Fig. 1 The scheme describing the preparation of compounds 1-2. the complex moieties contain four Ni II atoms and four doubly deprotonated Schiff base ligands L 2− . Basic differences between the crystal structures of 1 and 2 can be summarized into several points. Firstly, a cubane-like core can be found in 1, whereas compound 2 contains a defective dicubane core. Secondly, despite the same reactants used in the preparation of 1 and 2 their composition differs significantly. In 1, methanol molecules are incorporated both into the complex molecule as ligands and into the crystal structure as lattice solvent molecules, with important consequences for crystal packing (vide infra). In 2, two CH 3 COO − anions are incorporated in the molecular structure. Finally, it can be seen that the metal centers in both 1 and 2 are hexacoordinated with the {NiNO 5 } chromophores ( Fig. 1 and 3 b) . Hydrogen atoms were omitted for clarity, except for those which are involved in intramolecular hydrogen bonding (O-H⋯O black dashed lines). Bond distances (in Å) within the coordination polyhedra: (Ni1-O1) = 2.052(2), (Ni1-O2) = 1.957(2), (Ni1-O5) = 2.234(2), (Ni1-O7) = 2.069(2), (Ni1-O9) = 2.111(2), (Ni1-N1) = 1.978(3), (Ni2-O1) = 2.037(2), (Ni2-O3) = 2.067(2), (Ni2-O4) = 1.955(2), (Ni2-O7) = 2.283(2), (Ni2-O10) = 2.085(3), (Ni2-N2) = 1.967(3), (Ni3-O1) = 2.248(2), (Ni3-O3) = 2.055(2), (Ni3-O5) = 2.049(2), (Ni3-O6) = 1.953(2), (Ni3-O12) = 2.111(2), (Ni3-N3) = 1.968(3), (Ni4-O3) = 2.221(2), (Ni4-O5) = 2.055(2), (Ni4-O7) = 2.044(2), (Ni4-O8) = 1.974(2), (Ni4-O11) = 2.097(2), (Ni4-N4) = 1.975(3). Molecular structures of the complex anion in 2 (c) and view on a defective dicubane core of 2 (b). Bond distances (in Å) within the coordination polyhedra for 2: (Ni1-O1) = 2.0076 (19) , (Ni1-O2A) = 2.0474 (17) The intermolecular contacts in 1 are mediated mainly by two hydrogen bonds between the coordinated H 2 O molecule and non-coordinated CH 3 OH molecule (d(O⋯O) = 2.731(4) Å) and between the non-coordinated CH 3 OH molecule and the O Sal atom from the complex molecule (d(O⋯O) = 2.887(4) Å). These two hydrogen bonds form linear supramolecular 1D chains along the crystallographic axis a (Fig. S1 †) .
(
Single-crystal X-ray diffraction analysis revealed that 2 crystallizes in the monoclinic space group P2 1 /c. The molecular structure comprises centrosymmetric tetranuclear [Ni 4 (L) 4 (Fig. 3d ). The complex anion in 2 can be also viewed as two parallel and almost planar dinuclear {Ni 2 (L) 2 } subunits symmetrically related to an inversion center. Both subunits are slightly shifted with respect to each other, so the metal atoms are in a rhomb-like arrangement (Fig. 3c) . The acetato ligand is bridging the Ni1 and Ni2 atoms (by the oxygen atoms, O Ac ) in a syn-syn manner ( (7) and 96.10(7)°) within the {Ni 2 (L) 2 } subunit smaller than those between the symmetry related Ni atoms in the complex molecule (97.87 (7), 97.99 (7) and 99.54 (7)°).
In the crystal structure of 2, only one type of significant intermolecular interaction is present: the N-H⋯O hydrogen bond between the Pr 3 NH + cation and the O Sal atom from the complex anion with the donor⋯acceptor distance 2.820(3) Å.
Theoretical calculations of magnetic parameters
The ab initio calculations have become an integral part of the deep-aimed studies of various physical properties of transition metal complexes. Recently, we demonstrated that ab initio methods can be successfully used in the predictive role in magnetochemistry, thus helping in postulating trustworthy spin Hamiltonians and guide the theoretical analysis of the experimental magnetic data. 19 Herein, we used the freely available computational package ORCA 20 to predict the dominant terms defining the magnetism of compounds 1 and 2, that is the magnetic exchange among nickel atoms and also their single-ion contributions to magnetic anisotropy. DFT calculations of the isotropic exchange. The well-established B3LYP functional together with the polarized triple-ζ quality basis set def2-TZVP(-f ) for all atoms was used to evaluate the isotropic exchange constants J by comparing the energy differences between the high spin (HS) and broken-symmetry (BS) spin states. In compound 1, there are four symmetrically independent nickel atoms with various interatomic distances, so in general, we may expect six different isotropic exchange parameters defined by the following spin Hamiltonian:
by the following Ruiz's approach 27 for the calculation of the J-parameters, the expressions for individual J-values were derived as
where the energy differences Δ ij are listed in as visualized in Fig. 4 . In compound 2, there are two symmetrically independent nickel atoms and three different superexchange pathways. Therefore, this spin Hamiltonian:
can be used to describe the isotropic exchange within the tetramer of 2, where J 1 corresponds to the Ni1⋯Ni2 and Ni1′⋯Ni2′ pairs with the interatomic distance equal to 3.003 Å, J 2 corresponds to the Ni1⋯Ni2′ and Ni1⋯Ni2′ pairs with the interatomic distance equal to 3.197 Å and J 3 corresponds to the Ni2⋯Ni2′ pair with the interatomic distance equal to 3.166 Å. Again, Ruiz's approach 27 was applied for the calculation of the J-parameters as
where the energy differences Δ ij are listed in Table S3 † and the calculated J-parameters adopted the values J 1 = +1.97 cm −1 , J 2 = +7.83 cm −1 and J 3 = +1.82 cm −1 . All the J-values suggest ferromagnetic coupling between the nickel atoms in 2. However, there is no evident correlation between the molecular structure parameters like the Ni-O-Ni angle (Fig. 4) or Ni⋯Ni distance and the isotropic exchange parameters (Fig. S2 , ESI †).
Multi-reference calculations of the single-ion zero-field splitting tensors. The progress in theoretical methods enabled us to analyze also single-ion zero-field splitting in compounds 1 and 2 by multireference state average complete active space self-consistent field (SA-CASSCF) wavefunctions complemented by the N-electron valence state perturbation theory (NEVPT) with CAS(8,5) active space. We used this method successfully to analyze the magnetic anisotropy in other 3d metal complexes. 21 However, the analysis of ZFS in polynuclear species is not an easy task and usually is done either by substituting some paramagnetic metal atoms by diamagnetic ones, or by extracting molecular fragments with only one metal atom. Herein, we tested these approaches for compound 2 and calculated the D-and g-tensors on the Ni1 atom using the molecular fragments Fig. S3 for details, ESI †). We used the fact that only one L 2− ligand binds in a tridentate fashion to the Ni1 atom, so in the molecular fragments (c) and ( calculations proved that the approaches (a-c) resulted in almost the same ZFS parameters, only in the case of (d) the D-parameter is slightly lower, which can be explained by the difference in the electronic properties of phenyl/methyl groups (−I/+I inductive effect), hence different electron densities on the oxygen donor atom. Therefore, the justified approach (c) based on using mononuclear fragments where monodentate ligands L 2− are replaced by phenolato ligands was used to calculate the ZFS parameters for all the nickel atoms in compounds 1 and 2 and the results are summarized in Table 1 . The absolute value of the axial single-ion parameter |D| varies between 8.5 and 13.5 cm −1 and also considerable rhombicity (E/D) was found for all the nickel atoms in the studied compounds 1 and 2 (Table 1 ). The calculated g-parameters are in a narrow interval, g = 2.18-2.30. The individual g-tensor and D-tensor axes are visualized in Fig. S4 . † In all the molecular fragments, the g-tensor axes coincide with the D-tensor axes, and under conditions that the ZFS-tensor defines the coordination axes X, Y and Z, the following relationships hold true for the g-components: g x = g 2 , g y = g 3 , g z = g 1 for D > 0, and g x = g 2 , g y = g 1 , g z = g 3 for D < 0. This is in agreement with the simplified relationships (eqn (6)) derived from ligand field theory using second-order perturbation theory and so called Λ-tensor
where λ is the spin-orbit splitting parameter, λ(Ni
Next, we need to discuss thoroughly the D-tensor orientations in each studied compound, because within the spin Fig. 4 The DFT derived J-parameters for compounds 1 and 2 (full points). The full line corresponds to eqn (3). Hamiltonian formalism, the co-linearity of the local D-tensors is generally assumed. The inspection of the local D-tensor axes labelled as DX, DY and DZ in 1 (Fig. S4 †) showed that for all four nickel atoms (Ni1⋯Ni4) 
and analogously for D 4 . Then, the axial (D) and rhombic (E) ZFS parameters, which are defined as
are transformed for the Ni2 and Ni4 atoms into the molecular coordination system as
where these general relationships
were utilized. The tetranuclear molecular fragment of 2 possesses the C i point group symmetry and the examination of the local D-tensor axes revealed that for the Ni1 atom (similarly to DY and DZ axes are interchanged (Fig. S4, ESI †) . The orientation of these local axes of all nickel atoms is schematically visualized in Fig. 5d . Again, if the molecular axes are made identical to D 1 , then the local axes of D 2 are transformed into 
Dalton Transactions Paper
This the molecular coordinate system (D′ 2 ) using C 4 (x) operation of the symmetry as
Now, the local D and E ZFS parameters for the Ni2 atom are transformed into the molecular coordination system as
As the operation of inversion has no effect on the D-tensor, the local D-tensors of Ni1 i and Ni2 i atoms have the same properties as for Ni1 and Ni2 atoms. Description of magnetic properties. The temperature and field dependent magnetic properties of 1 and 2 are depicted in Fig. 5 . Variable temperature measurements of μ eff /μ B vs. T for compounds 1 and 2 show a similar trend. The room temperature experimental values, 6.7μ B for 1 and 2, are higher than the theoretical value of the effective magnetic moment for four non-interacting Ni II atoms with S i = 1 is equal to 5.7μ B for g = 2.0 due to the contribution of the angular momentum to the ground spin state (g > 2.0). On lowering the temperature, μ eff / μ B gradually increases reaching the value of 6.7 (compound 1) and 9.8 (compound 2). Further cooling leads to a decrease of the μ eff /μ B value to 4.8 (compound 1) and 9.3 (compound 2) at 1.9 K. The high temperature behavior for compounds 1 and 2 is typical of compounds with prevailing intracluster ferromagnetic coupling and low temperature data suggest the presence of magnetic anisotropy of the Ni II atoms. The lower effective magnetic moment at low temperature in 1 than in 2 can be explained by the presence of intracluster antiferromagnetic coupling as derived from DFT calculations. Moreover, from the field-dependent magnetization data shown in Fig. 5 we can deduce that the ferromagnetic coupling is dominant in compound 2, where M mol /N A μ B almost reaches the value of 8.0 while the high-field limit is lower in compound 1 due to the presence of intracluster antiferromagnetic coupling and zero-field splitting. The analysis of the magnetic data for compound 1 is based on the following spin Hamiltonian (Fig. 5b )
where the isotropic, ZFS and Zeeman terms were included. In order to reduce the number of free parameters, and inspired by the results of the above-mentioned ab initio calculations, we parametrized the J ij -value analogously to eqn (3) using
Furthermore, the CASSCF/NEVPT2 calculations showed that the local ZFS parameters are very similar for all four symmetrically independent nickel atoms (Table 1) , so the following restriction was applied: D 1 = D 2 = D 3 = D 4 = D loc and E 1 = E 2 = E 3 = E 4 = E loc . Also, the local ZFS parameters of D 2 and D 4 were transformed according to eqn (9) in the spin Hamiltonian (eqn (13)). Moreover, only the isotropic g-value was assumed, because the ab initio calculated g-parameters do not possess large anisotropy. Thus, we are left with only five independent parameters for the fitting procedure, in which simultaneously both temperature and field dependent data were analyzed. As a result, the best-fitted parameters were obtained: a = 171.0, b = −1.721, g = 2.147, D loc = +14.5 cm −1 , E loc /D loc = 0.267 and χ TIP = 12.9 × 10 −9 m 3 mol −1 (Fig. 5c) , where χ TIP stands for temperature-independent paramagnetism (note: the estimation of the standard deviations resulted in: a = 171(9), b = −1.72(9), g = 2.147 (4) The analysis of the magnetic data for compound 2 is based on the slightly modified spin Hamiltonian (Fig. 5e )
The situation in this complex is more complicated by the fact that there is no magneto-structural correlation for the J-parameters. From the DFT calculations of the J-values, we can conclude that J 1 and J 3 are almost equal, so we can apply the restriction that J 1 = J 3 , and that J 2 is four-times larger than J 1 or J 3 , so we also applied the restriction that J 2 = 4J 1 . In order to further reduce the number of free parameters, the CASSCF/ NEVPT2 calculations were also utilized in such a way that based on the opposite values of the local D 1 and D 2 parameters, these simplifications were used:
Then, the transformation of D 2 and D 2′ tensors was applied using eqn (12) (3)). 22 These derived parameters are in good conformity with the theoretically predicted values, however, the estimated standard deviations of ZFS parameters D loc and E loc are rather large showing smaller sensitivity of the experimental magnetic data to the variation of these parameters. Nevertheless, such uncertainty of the fitted ZFS parameters underlines the importance of ab initio methods in the theoretical analysis of the magnetic properties of polynuclear species. It is evident from the magnetic analysis that the structural variations found in compounds 1 and 2 led to enhanced differences in their magnetic behavior despite a very similar chemical composition. In order to better understand the interplay between the ferromagnetic and antiferromagnetic exchange interactions within these compounds, the energy levels were plotted as a function of the final spin S under the condition that the spin Hamiltonian is isotropic (all ZFS parameters are zero) - Fig. 6 .
From this plot it is obvious that the ground state for compound 1 is S = 0 and there are close-lying states (<5 cm −1 ) with S = 4 and S = 2. In contrast, ferromagnetic interactions in compound 2 led to the ground state with the maximum spin, S = 4, and the first excited state with S = 3 is separated by energy difference ΔE = 7.4 cm −1 (10.7 K). Furthermore, we have depicted a three-dimensional plot of the molar magnetization for 2 (Fig. 7a ) from which is evident that there is an axial type of the magnetic anisotropy with a small rhombicity. Therefore, it seems appropriate to utilize giant spin approximation and fit the isothermal magnetization data for 2 with the spin Hamiltonian for the ground spin state S = 4 in order to alternatively determine the magnetic anisotropy of the ground spin state with eqn (16)
The results of the analysis are shown in Fig. 7b and the obtained parameters are D = −0.81 cm −1 and g = 2.17 (note: the estimation of the standard deviation resulted in: D = −0.81(3) cm −1 and g = 2.17(1)). 22 These values are comparable to the previously reported Ni 4 SMMs as outlined in Table 2 . However, such large D-values result in ZFS of the S = 4 spin state into |4,0〉, |4,±1〉, |4,±2〉, |4,±3〉 and |4,±4〉 states with the energy separations equal to 0, D, 4D, 9D, and 16D, respectively. Thus, the ground state |4,±4〉 is separated from the highest excited state |4,0〉 by energy equal to 16D = 13.0 cm −1 and this value is larger than calculated separation 7.4 cm −1 between S = 4 and S = 3 states in the isotropic limit (Fig. 6) . Indeed, the detailed inspection of the low-lying energy levels resulting from full multi-spin Hamiltonian in eqn (15) and from giant spin approximation Hamiltonian in eqn (16) shows that only the lowest energy levels are well recovered by the latter model (Fig. 7c) . Moreover, it is evident that there is a strong mixing of different spin levels due to ZFS terms, so called S-mixing, 24 and therefore the giant spin approximation would require inclusion of the higher order Steven's operators for ZFS to achieve even better description of low-lying states, which was also discussed for another Ni 4 compound, [Ni 4 (hmp) 4 (dmb) 4 Cl 4 ]. 25 To conclude, both the analyses showed that there is the axial type of the magnetic anisotropy in 2, however the utilization of the giant spin approximation is on the edge due to large mixing of the ground state S = 4 with the excited state S = 3 induced by ZFS.
The above discussed analysis of the static magnetic properties of 1-2, encouraged us to measure also AC susceptibility data for compound 2, but there was no out-of-phase signal in zero static magnetic field. However, the field dependent . The B k indicates the direction of the magnetic field parallel to the easy axis, whereas B ⊥ indicates the direction of the magnetic field perpendicular to the easy axis of the system. Fig. 6 The energy patterns for compounds 1 and 2 calculated within the isotropic exchange limit with the J ij -parameters listed in the text and setting all D and E parameters to zero.
This measurement performed at T = 1.9 K confirmed a slow-relaxation of magnetization only in 2 (Fig. S5 , ESI †) and for that reason, AC susceptibility was acquired in the non-zero static field, B dc = 0.5 T at low temperatures as shown in Fig. 8 . Note: AC susceptibility data were also taken for compound 1 in zero and non-zero static fields, but no out-of-phase signal was detected, which indirectly confirmed our outcomes from magnetic analysis. Unfortunately, we did not observe clear maxima on out-ofphase susceptibilities for 2 down to 1.9 K, so the standard procedure for constructing the Argand (Cole-Cole) diagram was not applicable. However, at least the approximate relationship
for the extraction of the relaxation time and spin reversal barrier (U) was applied to very low temperature data and higher applied frequencies as visualized in This work a SMM behavior confirmed by magnetic hysteresis measurement, AC susceptibility data not available. b Hhmp = (pyridin-2-yl)methanol; dmb = 3,3-dimethylbutan-1-ol; dmp = 2,2-dimethylpropan-1-ol; dmp = 3-cyclohexylpropan-1-ol; H t Buhmp = (4-tert-butylpyridine-2-yl)methanol; H 3 thme = 2-(hydroxymethyl)-2-methylpropane-1,3-diol; H 2 idm = iminodimethanol; Hpthtp = 4-(pyridin-2-yl)tetrahydro-2H-thiopyran-4-ol; Hmpp = 2-methyl-1-(pyridin-2-yl)propan-2-ol; Hmpzph = 2-(5-methyl-1H-pyrazol-3-yl)phenol. predicted, U = |D|·S 2 = |−0.81|·4 2 = 13.0 cm −1 , which may be explained by simplicity of the giant spin approximation model in deriving the D-parameter as discussed above and also due to more complex relaxation phenomena taking place (combination of Orbach, Raman and direct processes), as was already observed in the other previously reported Ni 4 SMMs (Table 2) .
Conclusions
To The variable temperature magnetic data suggested the presence of prevailing intracluster ferromagnetic coupling (1 and 2). However, more thorough analysis revealed the competition between the antiferromagnetic and ferromagnetic intracluster interactions in compound 1 which resulted in the S = 0 ground spin state. This is in stark contrast to 2 with its S = 4 ground spin state due to solely ferromagnetic coupling. Furthermore, the energy states in both compounds are affected by significant magnetic anisotropy of the metal atoms, which reflects the structural variations in 1 and 2. The ab initio CASSCF/ NEVPT2 calculations of the isotropic exchange parameters ( J ij ) using the DFT and single-ion zero-field splitting parameters (D i , E i ) played the key role in the advanced magnetic analysis of these compounds, which resulted in the trustworthy parameter set. This was also achieved by simultaneous fitting of temperature and field dependent magnetic data.
This work clearly shows the difficulty in the rational design of highly anisotropic polynuclear complexes as candidates for SMMs. Nevertheless, the field induced SMM behavior found in compound 2 opens a new perspective for the preparation of tetranuclear compounds with a defective dicubane-like topology and ferromagnetic exchange interactions acting as nanomagnets.
Experimental section
Synthesis
All used chemicals and solvents were purchased from commercial sources and used without any further purification.
[Ni 4 (L) 4 
Equipment, measurements and software
Elemental analysis was performed on a Thermo Scientific FLASH 2000 CHNS-O Analyser. Infrared spectra of the compounds were recorded with a ThermoNicolet Nexus 670 FT-IR spectrometer using the ATR technique on the diamond plate in the region 4000-400 cm −1 . Temperature dependent (T = 1.9-300 K, B = 0.1 T) and field dependent (B = 0-7 T, T = 2 and 5 K) magnetic measurements were carried out on an SQUID magnetometer (MPMS, Quantum Design) on polycrystalline samples. The data were corrected for the diamagnetism of the constituents.
used for data collection and reduction. 27 The molecular structures were solved by direct methods SHELX-2014 and all nonhydrogen atoms were refined anisotropically on F 2 using the full-matrix least-squares procedure SHELXL-97. 28 All the hydrogen atoms were found in differential Fourier maps and their parameters were refined using a riding model with U iso (H) = 1.2 (CH, CH 2 , OH) or 1.5U eq (CH 3 ).
Theoretical methods
Ab initio theoretical calculations were performed with the ORCA 3.0.3 computational package. 29 Single point DFT energy calculations based on X-ray geometries were done using the B3LYP functional. 30 The isotropic exchange constants J were calculated by comparing the energies of high-spin (HS) and broken-symmetry (BS) spin states using Ruiz's approach.
31
Calculations of the ZFS parameters were performed using the state average complete active space self-consistent field (SA-CASSCF) 32 wave functions complemented by the N-electron valence second order perturbation theory (NEVPT2). 33 The active spaces of the CASSCF calculations comprises five metalbased d-orbitals and eight electrons, CAS(8,5). In the state averaged approach all multiplets for the given electron configuration were equally weighted, which means 10 triplet and 15 singlet states. The ZFS parameters, based on dominant spinorbit coupling contributions from excited states, were calculated through the quasi-degenerate perturbation theory (QDPT), 34 in which approximations to the Breit-Pauli form of the spin-orbit coupling operator (SOMF approximation) 35 and the effective Hamiltonian theory 36 were utilized. In all calculations, the polarized triple-ζ quality basis set (def2-TZVP(-f )) proposed by Ahlrichs and co-workers was used for all atoms.
37
We also used the RI approximation with the decontracted auxiliary def2-TZV/J or def2-TZV/C Coulomb fitting basis sets and the chain-of-spheres approximation to exact exchange.
38
Increased integration grids (Grid5 in ORCA convention) and tight SCF convergence criteria were used in all calculations.
